The mechanism and design rules associated with the self-assembly of short peptides into hydrogels is currently not well understood. In this work, four diphenylalanine-based peptides have been synthesised, bearing heterocyclic capping groups which have different degrees of hydrogen bonding potential and nitrogen substitution. For these four peptides, zeta potential and electrical impedance spectroscopy measurements were undertaken to monitor gelation, with the impedance data showing different gelation times for each peptide hydrogel. Through a combination of atomic force microscopy and rheological measurmeents, including dynamic strain and frequency sweeps, and thixotropic tests, the relationship between the mechanism of self-assembly in these hydrogels and their macroscopic behaviour can be established. It is observed that the degree of nitrogen substitution affects the self-assembly mechanisms of the hydrogels and as such, that there is an interplay between branching and bundling self-assembly pathways that are responsible for the final properties of each hydrogel.
Introduction
Short peptides are rapidly gaining popularity, due to their ease of manufacture through solid phase peptide synthesis (SPPS), the ability to select biorelevant amino acid sequences and potential uses in the fields of drug delivery, tissue engineering and cell scaffolding. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Longer peptide sequences such as EAK-16 and RADA-16 are well known for their biocompatibility, 11, 12 and have been used to culture a variety of cells. [13] [14] [15] In fact, RADA-16 is currently marketed under the name Puramatrixt as a competitor to MatriGel for cell culture work. 16 The advantages of using synthetic peptide hydrogels such as Puramatrix and the short peptides described herein is their chemical homogeneity relative to MatriGel, which is well-known for batch-to-batch variability.
For longer peptides such as RADA-16 and EAK-16, complementary interactions between molecules are strong enough such that these peptides can form supramolecular gel networks, however shorter hydrogelators typically require the presence of additional aromatic groups in order to drive self-assembly into gel networks. [17] [18] [19] This can be provided by aromatic amino acids such as phenylalanine, tyrosine or tryptophan, or through the use of an N-terminal capping group. 20, 21 Even with the presence of bulky aromatic groups, which may be expected to hinder the biological applicability of these short peptides, N-capped short peptides have been shown to be effective for culturing a variety of cell lines, including human dermal fibroblasts and Caco-2 cancer cells. 22, 23 The most commonly used N-terminal capping group is fluorenylmethyloxycarbonyl, or Fmoc, due to its use as an orthogonal protecting group in SPPS. [24] [25] [26] [27] [28] More recently however, a variety of functional aromatic moieties have been appended to the N-terminus of short peptides, which in addition to inducing gelation in water, also impart some degree of functionality to the resulting hydrogels. The scope of groups used is varied, with photoactive spiropyrans being used to control the sol-gel transition, or stilbenes employed in order to create multicomponent hydrogels when mixed with an existing short peptide gelator. 29, 30 Functional groups which can be polymerised, such as carbazole, have been attached to the N-terminus of a peptide, as have groups designed to reinforce the hydrogen bonding within gel by providing addition sites for such interactions. 31, 32 In these studies above, the different capping groups employed result in the formation of gels which differ in their nanoscale structure. This manifests also as a difference in mechanical properties, which influences the potential applications of these materials. In this work we have synthesised four different diphenylalanine based peptides 1-4 which bear heterocyclic capping groups with different degrees of nitrogen substitution and a School of Chemistry, The Australian Centre for Nanomedicine and the hydrogen bonding potential (Fig. 1) . All four peptides form hydrogels, and we monitor gelation over a range of length scales using an array of characterisation techniques. In this way we examine the effect of the N-terminal capping group upon both the self-assembly of gelator molecules into hydrogels, and the final structure of the hydrogels which are formed. Indole-diphenylalanine, 1, has previously been synthesised and is known to form stiff hydrogels. 33 Methylation of the indolic nitrogen, yielding N-methylindole-diphenylalanine, 2, removes the hydrogen bonding potential associated with the indole capping group. We then change the degree of nitrogen substitution on the five membered ring by adding an additional nitrogen whilst maintaining an available proton, giving benzimidazolonediphenylalanine, 3. This hydrogen bonding potential is then removed in the final capping group used in this work, benzimidazole-diphenylalanine, 4. We monitor fibre charge during gelation through zeta potential and electrical impedance spectroscopy in order to investigate whether the presence of a free proton has an effect on the self-assembly of peptides 1-4. We then investigate the secondary structure of the gelators using circular dichroism and infrared spectroscopy. Finally, we examine the mechanical strength and recovery properties of these hydrogels using rheology, correlating the macroscopic hydrogel properties with data obtained from atomic force microscopy (AFM) of the peptide hydrogels at a range of different concentrations. In this way we are able to investigate the effect of nitrogen substitution and hydrogen bonding potential on the self-assembly and network structure of the four diphenylalanine peptides. This allows us to tune the resultant gel properties by carefully varying the nature of the heterocyclic capping group used. This is extremely important in the rational design of peptide hydrogels for applications such as tissue engineering or injectable drug delivery systems.
Results and discussion

Hydrogel formation
All four peptides formed hydrogels via a pH switch mechanism using glucono-delta-lactone (GdL), where the final pH of the gel is approximately 4-5. 34 Attempts at gel formation through heatcooling in phosphate buffered saline, or solvent switching using DMSO and either water or DMEM (Dulbecco's Modified Eagle Medium) were unsuccessful. All peptides formed opaque hydrogels apart from 3, which formed a transparent hydrogel, which is desirable for future cell culture applications due to ease of imaging. The minimum gelation concentration for 1-4 was recorded as 0.3, 0.6, 0.02 and 0.1% (w/v), respectively. From this, it can be seen that methylation of the indolic proton in 2 has doubled the minimum gel concentration and that 3 forms hydrogels at extremely low concentrations, making this peptide a supergelator. Interestingly, the trends observed for the minimum gel concentrations of peptides 1-4 correspond to the trends in their clog P values (1.85, 1.92, 1.08 and 0.72, respectively), where clog P is a measure of the calculated hydrophilicity of the peptide. From these results it seems as though a more hydrophilic peptide gives a lower minimum gel concentration, perhaps due to better solvation of the peptide monomer, thus allowing a greater selfassembly space to be explored. All peptides except for 2 give rise to a negative peak in their circular dichroism (CD) spectra at approximately 220 nm, which is typical of a b-sheet arrangement (Fig. 2a) . The CD spectrum of 2 gives only weak signals, indicating a lack of secondary organisation. This is supported by the relatively sharp signal observed in the Amide I region of the ATR-IR spectrum for 2 ( Fig. 2b) , indicative of decreased hydrogen bonding relative to the other peptides. 35 This indicates that methylation of the indolic proton in 2 has disrupted the peptides ability to form b-sheets, implying that in this instance the selection of capping group plays a role in the formation of b-sheets. Zeta potential measurements (Fig. 2c) were performed in order to study the gelation of peptides 1-4. In all cases, an initial decrease in zeta potential was observed before a gradual increase, accompanied by a decrease in ion mobility, which is expected during gelation. The initial decrease in zeta potential that was observed for all systems is intriguing, and suggests that upon GdL addition any existing supramolecular structures are broken up into monomers before gelation proceeds. It is also interesting to note that for 2, the zeta potential plateaus at À20 mV, suggesting that there is still some repulsion between fibres. This may help to explain the increased minimum gelation concentration and decreased stability for this peptide relative to the other peptides in this study.
Electrical impedance spectroscopy measurements have previously been shown to accurately indicate the onset of gelation for polymer gels, [36] [37] [38] and gelation time can be calculated by fitting two linear regression lines to early and late stage impedance data and finding their intersection. Initially, the impedance of the gel solutions increases due to aggregation of the gel monomers and immobilisation of water. Upon gelation, the system reaches a steady state, most likely where the rate of fibre formation and dissolution is equal. This is seen in the impedance plot as a plateau. For all of our self-assembled peptide hydrogels, we are able to reliably fit linear regression lines and thus find gelation times (Fig. 3 ). For indole-diphenylalanine, 1, and benzimidazolonediphenylalanine, 3, we see a sharp change in gradient after 20 and 30 minutes respectively, indicating that gelation has occurred. For N-methylindole diphenylalanine, 2, and benzimidazole diphenylalanine, 4, the change in gradient is slightly less noticeable, but occurs after 18 and 12 minutes, respectively. This order of gelation is also seen in the zeta potential measurements, confirming that both electrical impedance and zeta potential are reliable, novel methods for monitoring the onset of gelation in short peptide hydrogels. For both 2 and 4, impedance continues to increase after 50 minutes, indicating that dynamic processes are still occurring. For 2, this is due to N-methylindole diphenylalanine being an unstable gel, which fits with other observations including zeta potential measurements ( Fig. 2c ) and visual observations of gel precipitation over time. For 4, this is due to slow crystallisation of the hydrogel over time.
Mechanical behaviour of hydrogels
Each of the hydrogels 1-4 prepared were subjected to rheological testing. First, a strain sweep was performed in order to establish the linear viscoelastic region (LVE), where the storage modulus G 0 and loss modulus G 00 are independent of the applied strain. In the strain sweep graphs ( Fig. 4a-d ) it can be seen that the LVE is similar for indole and N-methyl indolediphenylalanine, with both materials displaying reversible network characteristics up to a strain of 1%. The LVE for benzimidazolone-diphenylalanine, 3, extends to 3% and for benzimidazole-diphenylalanine, 4, to 10%. It is interesting to note that the strain tolerance (for irreversible network deformation) is highest for the softer hydrogels, which have a higher degree of nitrogen substitution in their capping group. Further insight into this can be provided using atomic force microscopy to study the network structure, which will be discussed later in this work. The crossover point (where G 00 = G 0 ) is where the network is starting to break and the material displaying fluid-like behaviour. This value varies from 60% for hydrogel 4 to as low as 3% for hydrogel 3.
With the LVE now determined for each hydrogel, frequency sweeps were performed at a constant strain of 0.5% (within the LVE for all hydrogels), with all hydrogels displaying frequency independent behaviour over the range from 0.1 to 10 Hz. Frequency sweeps are often used to give an indication of the stiffness of the hydrogels (approximated by the storage modulus G 0 ). From these measurements ( Fig. 5a-d) it can be seen that the indole-based hydrogels 1 and 2 are quite stiff, with storage moduli above 10 5 Pa. The high stiffness of hydrogels of 1 have been reported previously, 33 however the high storage modulus of hydrogels of 2 is surprising. This indicates that hydrogen bonding does not play a large role in determining the mechanical characteristics for these systems. Instead the degree of nitrogen substitution appears to play a crucial role for these peptides. The two benzimidazole-based hydrogels 3 and 4 also display similar stiffness values. That these hydrogels are an order of magnitude weaker than their indole-based counterparts, despite 1 and 3 both having a free hydrogen available for potential hydrogen bonding, is further evidence that gel strength is determined not determined by hydrogen bonding potential for these systems, but instead by the degree of nitrogen substitution on the heterocyclic capping group. Thixotropy tests were performed in order to assess the ability of these hydrogels to recover from being subjected to high strain, similar to that applied when a hydrogel is injected through a syringe needle. In order to do this, we alternated between applying a small oscillatory strain (0.5%, low strain) and a large strain (100%, high strain) and monitored the resulting shear modulus behaviour of each hydrogel. Under high strain the gels exhibit a rapid decrease in G 0 resulting in fluid-like behaviour (G 00 4 G 0 ). It can be seen that hydrogels 1 and 4 display rapid recovery of G 0 after changing the applied strain from high to low.
This recovery is most likely due to the presence of crystalline domains in the hydrogel structure, which is discussed in more detail below. It should be noted that even with this remarkable behaviour, gels of 1 do not recover back to their initial value of G 0 , and over a number of strain cycles the storage modulus G 0 slightly decreases. This could indicate that there may be some structural changes within the hydrogel. For hydrogels of 4, this behaviour is more pronounced, with an associated increase in the loss modulus G 00 . Despite this, the rapid recovery of both 1 and 4 back to almost their initial gel strength makes them prime candidates as injectable delivery vectors. For 2 (Fig. 6b) , we see that the gel is not reformed upon the application of an initial strain, instead G 0 and G 00 hover close to zero. This is not surprising, given that 2 was observed to have a low degree of stability, based on circular dichroism, zeta potential, impedance and visual observations. It can be seen for 3 (Fig. 6c ) that after the first application of a high strain, the hydrogel recovers relatively quickly (approximately 200 seconds), however to a stiffness that is below the original stiffness of the gel. Each subsequent breakage of the gel results in a slower recovery, which is evidenced by no steady state value of G 0 being reached, even after 600 seconds. In addition to this longer recovery time, the modulus of the gel decreases with each application of strain.
Structure of hydrogel networks
Atomic force microscopy (AFM) was performed on hydrogels of 1-4 at different concentrations in order to understand of how their gel networks evolve and to establish a relationship between gel strength, fibre morphology and thixotropic behaviour. It has been previously reported that 1 forms large fibres that are composed of smaller, 2 nm fibres. 33 These images were obtained at a lower concentration however, and it is known that aggregation effects can occur during sample preparation, despite efforts to reduce this happening. At a concentration of 0.5% (w/v), a dense fibrous network is observed, with fibre sizes of approximately 10 nm (Fig. 7B ). Similar to previous AFM and TEM (transmission electron microscopy) results, these fibres are long and straight, exhibiting little branching behaviour. Increasing the concentration to 1% (w/v) gives a fibrous network which is denser still, and in addition to the long, straight fibres which are still present, minimal branching behaviour is observed (Fig. 7C) . Furthermore, fibre size increases to 30-40 nm, suggesting that additional bundling is occurring. In addition to AFM, previous cryo-SEM (scanning electron microscopy) work on 1 has also shown the presence of crystalline domains in addition to fibres (Fig. S7 , ESI †). It is proposed that these crystalline domains are critical to the recovery behaviour of this gel after the application of a large external strain, due to the ability of the strain to be dissipated within these domains, thus allowing rapid recovery. For hydrogels of 2, at low concentrations the gel network is a mixture of large fibres (diameter 4 100 nm), smaller fibres (diameter 10-70 nm) and amorphous precipitate (Fig. 7D) . This is further evidence of the instability of hydrogels of 2 at low concentrations, and this lack of uniformity at low concentrations, coupled with minimal fibre branching, is likely the reason for the high minimum gel concentration of this peptide. While it is this fibre morphology that most likely gives the indole-based hydrogels of 1 and 2 their strength due to the lack of junction zones, which have been shown to be the most probable points of failure, 39 it is also the reason that these gels are brittle, as an applied strain cannot be redistributed by this inflexible network, resulting in hydrogel failure. At 0.5% (w/v), Fig. 5 Frequency sweeps performed on hydrogels 1-4. Gels were prepared at 0.6% (w/v) and measurements performed at a constant strain of 0.5% and temperature of 25 1C. Fig. 6 Thixotropy tests performed on hydrogels 1-4. After gelation, storage modulus (G 0 ) and loss modulus (G 00 ) measurements were performed at a constant frequency (1 Hz) using low strain (0.5%, 600 seconds) followed by high strain (100%, 200 seconds). This protocol was repeated six times. Gels were prepared at 0.6% (w/v) and measurements performed at a constant temperature of 25 1C. a more dense fibrous network is formed (Fig. 7E) , with a population of large (50-100 nm) and smaller (20-30 nm) fibres seen. At even higher concentrations the population of fibres becomes weighted more heavily in favour of the larger diameter fibres, as expected (Fig. 7F) . At all concentrations, minimal branching behaviour is observed, which is consistent with observations for similarly strong hydrogels of 1.
The presence of precipitates indicates that fibre formation is not necessarily favoured, and that the fibres are likely a kinetically trapped intermediate. The application of a high strain as in thixotropy studies (Fig. 6b ) results in these fibres being destroyed, and due to the repulsion between fibres (Fig. 2c ) the gel network cannot reform.
Lower concentrations were employed when studying hydrogels of benzimidazolone-diphenylalanine, 3, owing to its lower minimum gelation concentration. At 0.01% (w/v), short nanofibrils uniformly 1 nm in diameter are observed (Fig. 7G ). This suggests that these nanofibrils are molecular fibres, and the bundling together which is observed here is likely due to drying effects. Doubling the concentration to 0.02% (w/v) results in the formation of a fibrous network, with fibre sizes of 5-8 nm for individual fibres. The wrapping of individual fibres around each other to form twisted bundles is clearly visible, with the best example of this being the horizontal fibre in the top third of Fig. 7H . This entanglement of fibres leads to branching between fibres and this, coupled with the smaller fibre diameters, is responsible for the lower stiffness of the resultant hydrogel. 40 Increasing the concentration further does not result in an increase in the size of the individual fibres, suggesting a favourable fibre diameter is reached at low concentrations, however strong lateral associations between fibres do occur, Fig. 7I . These associations may be the reason behind the slow recovery of hydrogels of 3 upon the application of a large external strain (Fig. 6c) . The external strain disrupts these fibre bundles, which then are dispersed throughout the solution after cessation of the high strain. This would result in the lower strength gel network observed, with increased recovery times indicating these dispersed fibres slowly attempting to reorganise into their initial structure. Hydrogels of benzimidazole-diphenylalanine, 4, show a coexistence of nanocrystals and fibres. At low concentrations (0.02% (w/v)), protofibres 1 nm in diameter are observed (Fig. 7J) . Branching behaviour is already evident in these protofibres and it is interesting to note that both benzimidazole-based hydrogels 3 and 4 form these molecular fibres at low concentrations, compared to the indole-based hydrogels which form much larger, unbranched structures. This suggests a different method of fibre formation, most likely due to the different degree of nitrogen substitution in the capping groups of 1 and 2 versus 3 and 4. Increasing the concentration to 0.1% (w/v) results in the formation of both nanocrystals and helical fibres (Fig. 7K) ; giving a fascinating insight into the competing processes of gel formation and crystallisation. As with 1, any applied strain can potentially either be dispersed either through a rearrangement of the fibre and nanocrystal structure, or dissipated into the crystalline sections of the network, leading to the rapid recovery of hydrogels of 4 after an applied external strain. At higher concentrations (0.2% (w/v)) long, flat fibres are the dominant feature (Fig. 7L) , with diameters of 10-30 nm.
It is clear from this work that there are a number of factors that determine the physical properties of a hydrogel network. These factors stem from the molecular structure of the gelator molecules, and manifest in the hierarchical self-assembly of these gelators into fibrous networks. For the peptides studied here, it would seem that the degree of nitrogen substitution controls the stiffness of the resultant hydrogel, due to the propensity of these networks to undergo bundling compared to branching. The degree of bundling in polymer hydrogels has previously been shown to affect their stiffness proportional to N 3 , where N is the number of fibres in a bundle. 41 Conversely, higher levels of nitrogen substitution on the capping groups result in softer gels, and these networks exhibit a higher degree of branching behaviour. The self-assembly processes behind branching versus bundling in hydrogel networks is not yet well understood, however in this work we have shown that for these diphenylalanine peptide hydrogels, recovery from an applied strain is dependent on the presence of crystalline domains within the structure. Through characterisation across different length scales, we have shown that the nanoscale structure of these materials defines their macroscale properties. Such an approach is required in order both to understand the behaviour of these hydrogels and to rationally design such materials in future.
Conclusions
In conclusion, we have synthesised four diphenylalanine-based peptides 1-4, capped at their N-terminus with heterocycles that display different degrees of hydrogen bonding potential and nitrogen substitution. Using zeta potential and electrical impedance measurements we monitored and obtained good agreement for the gelation times of 1-4. Zeta potential measurements of 2, N-methyl indole-diphenylalanine, provided a key insight into the unstable nature of this hydrogel by showing that even upon gelation; the fibrous network is negatively charged. Despite this instability, hydrogels of 2 were shown to be just as stiff as hydrogels of indole-diphenylalanine, 1. Peptides displaying a greater degree of nitrogen substitution at their capping group, benzimidazolone and benzimidazole-diphenylalanine (3 and 4 respectively) formed softer networks. Atomic force microscopy studies revealed two different selfassembly mechanisms. Indole-based gelators were shown to bundle together, forming long, straight fibres whilst benzimidazole-based gelators underwent significant branching, giving softer networks. This work suggests that for these materials, network structure and thus mechanical properties are controlled by the degree of nitrogen substitution of the capping group. Finally, the thixotropic behaviour of these systems was found to depend on the presence of crystalline domains within the hydrogel network, as these crystalline domains can dissipate strain effectively, resulting in a rapid recovery from an applied external strain. The establishment of structure-property relationships within this family of diphenylalanine gelators has significant implications for the future applications of these materials as extracellular matrix mimics and injectable systems. In particular, it is envisaged that a greater understanding of design rules arising from this work will allow for the rational design of functional and hydrogels for biomedical applications.
Experimental section
All chemicals and solvents used were purchased from Sigma Aldrich and used as supplied. Indole-diphenylalanine has been synthesised as previously reported. 33 Synthesis of peptides and capping groups N-Methyl indole-3-acetic acid was synthesised via methylation of the commercially available indole-3-acetic acid in good yield (77%) following a previously reported procedure. 42 Benzimidazolone was synthesised in four steps starting from orthophenylenediamine and urea using a literature procedure to give benzimidazolone, 43 which was then reacted with Boc anhydride and the mono-Boc derivative isolated. This compound was alkylated using tert-butyl bromoacetate and sodium hydride before a one-pot cleavage of both the Boc protecting group and tert-butyl ester yielded benzimidazolone acetic acid in a 15% overall yield across four steps. Full experimental details, including characterisation data, can be found in the ESI. † All peptides were synthesised using solid phase peptide synthesis, employing HOBt/HBTU as the coupling reagents. N-Methyl indoleacetic acid was coupled to the diphenylalanine peptide in this manner; however for benzimidazolone a DICbased coupling method was required. The full SPPS procedure, including yields and characterisation can be found in the ESI. †
Circular dichroism
CD measurements were performed using a ChirascanPlus CD spectrometer, with data collected between wavelengths of 180-500 nm with a bandwidth of 1 nm, sample ratio of 0.1 s per point and step of 1 nm. In a typical experiment, 1% (w/v) hydrogels were prepared and diluted 1 : 8 (v/v) in water. Temperature was kept constant at 20 1C and all experiments were repeated three times and averaged into a single plot.
Attenuated total reflectance-infrared spectroscopy measurements
Fourier transform infrared spectroscopy (FTIR) measurements were made on a Perkin Elmer Spotlight 400 FT-IR spectrophotometer equipped with a diamond crystal attenuated total reflectance (ATR) accessory. Hydrogels were prepared at 1% (w/v) and pressed between the diamond crystal and substrate. All spectra were scanned 16 times over the range of 4000-650 cm À1 .
Rheology measurements
Rheological measurements were performed on an Anton Paar MCR 302 rheometer using a 25 mm stainless steel parallel plate geometry configuration and analysed using RheoPlus v3.61 software. Typical rheology measurements involved casting 550 mL of a 0.6% (w/v) sol onto one of the stainless steel plates, lowering the other plate to the measurement position, and allowing two hours for the gel to form via the pH switch method described above. A Peltier temperature control hood and solvent trap was used to reduce evaporation and maintain a temperature of 25 1C for frequency and amplitude sweeps. Frequency sweeps were performed with a log ramp frequency (0.01-10 Hz) and constant strain (0.5%). Amplitude sweeps were performed with constant frequency (1 Hz) and log ramp strain (0.1-100%). The rheology plots displayed are an average of at least three repeats for each point and error bars denote two standard deviations from the log-averaged mean.
AFM measurements
Hydrogels were prepared using the pH switch method described above. Upon addition of GdL and before gelation, one drop of the hydrogel solutions was cast onto a freshly cleaved mica substrate, followed by spreading of the drop over the mica using a glass slide, with the excess liquid wicked away using capillary action. These samples were left to dry in air overnight. Imaging was undertaken on a Bruker Multimode 8 atomic force microscope in Scanasyst mode in air, whereby the imaging parameters are constantly optimised through the force curves that are collected; preventing damage of soft samples. Bruker Scanasyst-Air probes were used, with a spring constant of 0.4-0.8 N m À1 and a tip radius of 2 nm.
Zeta potential measurements
The zeta potential of hydrogel solutions were measured using a Malvern Instruments Zetasizer NanoZS, equipped with a He-Ne laser beam with a wavelength of 633 nm and scattering angle of 1731. Measurements were performed in folded capillary cells (Malvern Instruments, DTS1070) using hydrogels as prepared above at a concentration of 0.6% (w/v).
Electrical impedance spectroscopy
The impedance behaviour of liquids and hydrogels of 1-4 was assessed as follows. Solutions were poured into a plastic sample holder (acrylic 1 cm width, 1 cm height, 2.5 cm length) containing two pieces of reticulated vitreous carbon (RVC, ERG Aerospace, USA, 20 pores per inch). A custom-designed instrument was used to measure electrical impedance spectroscopy for frequencies between 100 Hz and 100 kHz. 30 Briefly, an alternating current signal (1 V peak voltage) was applied using a waveform generator (Agilent U2761A) across a circuit consisting of a known resistor (10 kO) and the gel sample. Current was calculated across the known resistor and then used to measure the impedance by measuring the potential difference across the known resistor with an oscilloscope (Agilent U2701A).
